Abstract: In drylands, water erosion can be a process with important economic and ecological implications, and is very dependent on the soil surface cover. There is broad agreement that biocrusts protect the soil from erosion in a wide range of circumstances. However, there is little information available on the effect of rain and biocrust types on this protective capacity and there is particularly very little knowledge on the erosive effects of runoff on biocrusts, which are expected to be larger in larger drainage areas, on the resistance of biocrusts to the combined effect of raindrops plus runoff flow and on the solute mobilisation by runoff in biocrusts. To answer these questions, we performed 96 rainfall-simulationin situ factorial experiments, including two biocrust types (cyanobacteria and lichens), three rain types (42, 63 and 77 mm h −1 , always 20 min rain), four plot lengths (1, 2, 3 and 4 m long) and four replicates. In each experiment, runoff volume was measured and a runoff sample was taken to determine (i) the amount of dry matter in runoff, (ii) the amount of organic matter among the dry matter, (iii) the electrical conductivity, pH and alkalinity in runoff water. The main findings were: biocrusts strongly protected soil against water erosion, even under the most erosive conditions, and the protection increased with the successional development. Biocrusts were very resistant to the impact of raindrops and also to runoff flow, although an emergent hypothesis arose: under the most erosive conditions, a threshold of erodibility could be reached at the cyanobacterial biocrust. The lichen crust also protected the soil against the removal of soil soluble substances. The development of a biocrust could change the chemical composition of the solutes in runoff.
Introduction
Water erosion and soil loss can represent serious problems with important economic and ecological implications in drylands, mainly in developing countries (Rapp 1986) , because sparse vegetation has a limited capacity to deal with erosive processes. Water erosion is produced by raindrop impact and by surface and subsurface runoff, and it depends on rainfall erosivity and on soil erodibility, which is highly controlled (among other factors) by the features of the soil surface cover. Drylands in the sense of water-limited lands (i.e., areas where precipitation is not always enough to cover potential evapotranspiration), include hyper-arid, arid, semiarid and dry-subhumid ecosystems, which occupy about 45% of emerged land, contain about 30% of total carbon stored in biomass (Allen-Diaz et al. 1996) and support about 50% of the world's livestock (Puigdefábregas & Pugnaire 1999) . In dry-subhumid and semiarid areas, even sometimes in arid ones, water erosion can be very relevant.
Part of the soil water erosion is a direct result of raindrops (splash erosion), but another, often the most important, is produced by surface runoff (rills, gullies) or sub-surface processes (piping, mass movements). Therefore, water erosion depends on rainfall erosivity (mainly determined by the amount and intensity) (Angulo-Martinez & Begueria 2009; Wei et al. 2010) , soil erodibility, which is controlled by the soil texture, the amount and stability of the aggregates and the organic matter content (De Baets et al. 2006; Solé-Benet et al. 1997 ) and land cover (cover, size and density of the vascular plants, of biocrusts, stones, litter) (Boix-Fayos et al. 2007; Zavala et al. 2009; Cantón et al. 2011) . Erosion also depends on topography (including surface roughness, as well as the slope angle and the size of the drainage areas) and antecedent soil moisture (Bowker et al. 2008) . The size of the drainage area appears to be crucial, as larger amounts of runoff are expected from large areas, particularly where runoff is concentrated, and a positive correlation between runoff and erosion has been reported (Herrick et al. 2010; Wei et al. 2010) . Boix-Fayos et al. (2007) hand, the larger the degree of erosion is, the greater is the runoff density, and therefore, the greater its erosive and transport power.
The hydrological behaviour of pure soil surfaces at the micro-plot scale is insufficient to understand the hydrological behaviour at the slope or small catchment scale (Cantón et al. 2002) ; because runoff coefficients considerable decrease as drainage area increase (compare Calvo-Cases et al. 2003 with Yair et al. 1980, and Cantón et al. 2001; Boix-Fayos et al. 2007 ). This change in runoff coefficients with scale occurs because of the limited slope length that is travelled by runoff (Kidron 2011) . This must have consequences on erosion, and it is essential to understand these under specific circumstances, to up-scale the erosion results from rainfall simulation on microplots to slopes or small catchments.
The erodibility of biological soil crusts (hereafter, biocrusts) is not well known: Although differences according to the biocrust composition are expected (Belnap 2006; Chamizo et al. 2012) , the effects of rain type and particularly the effect of progressively larger slope length on water erosion in biocrusts is far from well-known. Besides, biocrusts are considered as runoff sources and to understand to what extent they decrease erosion in relation to the runoff connectivity will provide insights towards the understanding of sediment dynamics at the slope scale in semiarid areas. Little available information is also known about the resistance of different types of biocrust to the drop impact (but see Bevan 2009; Rodriguez-Caballero et al. 2013; Zhao et al. 2014) , and less still is known concerning their resistance to runoff flow. This is important because although biocrust resist drop impacts, if it becomes frequently broken by runoff flows, then its ability to protect the soil from water erosion will be limited. Besides, if runoff increases with slope length, this might increase biocrust detachment. Furthermore, nothing or very little is known about solute mobilisation by runoff on hills lopes with biocrust cover.
In addition to the removal and transportation of sediments, another form of erosion results from the dissolution of soluble soil minerals which can be driven out of the system by runoff. This chemical erosion is more uniform in space and time than soil-particle erosion and is often considered negligible in drylands (Alekin & Brazhnikova 1968; Meybeck 1976; Yair et al. 1991) . However, studies on the chemistry of the solutes mobilised by runoff in drylands can be used to complement volumetric measurements of runoff to provide greater insight into the paths taken by the various runoff components (Chandler & Bisogni 1999) , which is essential to understand the chemical properties of flood-and ground-water and of soils and their effects on vegetation (Yair et al. 1991) .
Biocrusts are communities of cyanobacteria, fungi, algae, lichens and mosses on the soil surface and within its few upper mm (Belnap & Lange 2003) . They are globally common in drylands and occupy sites that are inhospitable for vascular plants (Büdel 2003) . Biocrusts play several relevant ecological roles and are sensitive to climatic change (Maestre et al. 2013) ; they affect hydrology and erosion (Alexander & Calvo-Cases 1990; Eldridge & Greene 1994; Yair 2003) , physical-chemical soil properties (Belnap & Gardner 1993; Castillo-Monroy et al. 2010 ) and plant recruitment (Harper & St. Clair 1985; Pendleton et al. 2003) . Biocrusts are pioneers (Lazaro et al. 2008) , can be used to restore/stabilise soil (Bowker 2007) and have indirect stabilisation effects by facilitating plant growth by improving soil fertility (Pendleton et al. 2003) . In the Iberian semiarid southeast, biocrusts are often dominated by terricolous lichens or by cyanobacteria and can locally cover large areas (Lázaro et al. 2000) , constituting a natural stabilisation mechanism (Alexander et al. 1994; Lázaro et al. 2008) and are widespread on undisturbed sites (Lázaro et al. 2008) . Some studies have found that biocrusts increase infiltration (Eldridge 1993; Pérez 1997) , runoff (Bromley et al. 1997; Eldridge et al. 2000) or are neutral . According to Warren (2003) , this controversy is due to the influence of soil texture. Belnap (2006) suggested that differences in flora and morphology also contribute to these differences, which was confirmed by Chamizo et al. (2012) . According to the literature, these biocrust have runoff coefficients comparable with bare soil and larger than those from the rest of surface classes (Alexander & Calvo-Cases 1990; Cantón et al. 2011; Li et al. 2005; Solé-Benet et al. 1997) . Despite these high runoff coefficients, evidence for the ability of biocrusts to reduce erosion was found long ago, as reported by Booth (1941) , who reviewed studies since 1888 and proposed a role for soil algae in controlling erosion. Currently, there is widespread agreement on the role of biocrusts in protecting the soil against erosion (Bowker et al. 2008; Mücher et al. 1988; Alexander & Calvo-Cases 1990; Eldridge & Greene 1994; Eldridge 1998; Eldridge 2003) ; biocrusts decrease water erosion between 5 and 10-fold and wind erosion by 46-fold (Bu et al. 2013) . On the other hand, biocrusts represent a good model system (Bowker et al. 2010; Bowker et al. 2014 ) and the size of their organisms allows a series of plots with different lengths (the smaller being large enough to include most of the community variation) to be treated with a portable rainfall simulator.
Our main hypothesis was that water erosion will increase with slope length only to a certain point, due to the limited length of the paths travelled by runoff (Kidron 2011 ) and due to the biocrust-driven surface roughness (Chamizo et al. 2010) . Greater roughness leads to a larger tortuosity of the runoff path, as well as more microdepressions to be filled by runoff, which slow water and facilitates sediment deposition. Erosion is expected to have a negative relationship with biocrust successional development, and a positive relationship with the amount and intensity of rainfall. The rate of organic matter in dry matter transported by runoff is expected to be larger in larger biocrust cover and under higher rainfall, but is still expected to be low.
Our aim was to experimentally quantify the chem-ical and particle erosion by water in situ on biocrusts in a range of conditions, to investigate to what extent biocrusts can act as a natural protection against erosion. The concrete objectives were: (i) to identify differences between the two main types of biocrusts in erodibility and sensitivity to solute mobilisation; (ii) to analyse differences in erosivity and dissolving power among rainfall types, as well as their interaction with soil erodibility and sensitivity to dissolution; (iii) to find out to what extent the sediment yield and the amount of mobilised solutes increase when slope-length increases; (iv) to examine the relationship between both chemical and particle erosion and runoff; and (v) to identify the degree of detachment in each biocrust type and circumstance.
Methods
The experimental site was in the Tabernas Desert (Almería, SE Spain), on deeply dissected Tortonian mudstone under semiarid Mediterranean climate conditions. The parent material is mainly composed by silt-size (> 60%) gypsumcalcareous and siliceous particles; fine sand ranges from 20 to 35%, and clay ranges from 5% to 10%. The average mineralogy is muscovite 35%, calcite 20%, gypsum 20%, paragonite 10%, quartz 10%, chlorite + smectite 3%, and dolomite 2% (Cantón et al. 2003) . Eroded landforms occupy a third of the territory, another third is covered by short vascular vegetation with biocrusts in the interspaces and the rest is covered by biocrusts (Lázaro et al. 2000; Cantón et al. 2004 ). Bevan (2009) found four biocrust communities, forming two classes: Cyanobacterial crust includes the community dominated by cyanobacteria, with a sizable diversity of usually small lichens such as Collema spp., Endocarpon pusillun, and Fulgensia spp., which occupy the most sun-exposed habitats. Lichen crust includes the other three communities, with different ratios of lichens with large, often thick thalli, such as Squamarina lentigera, Diploschistes diacapsis, Buellia zoharyi, Lepraria isidiata, etc. The Cyanobacterial crust is primary a coloniser and is progressively replaced by Lichen crusts over time (Lázaro et al. 2008 ) except in the sunniest sites. The study area has a 'Hortonian' (Horton 1933) hydrological response (Solé-Benet et al. 1997) see Calvo-Cases et al. (2014) for a general description. We selected two areas: C, where Cyanobacterial crust (C) dominates, and L, dominated byLichen crust (L). Both biocrust classes coexist in each area, although in very different proportions. The roughness at C is smaller than in L (although higher than on bare soil according to .
We used a 2-m-high simulator that provided rainfall over a 1.9 m × 5.8 m area by 12 Hardy nozzles. An aluminium structure supported the pipe with the nozzles running parallel to the soil surface. The nozzle models 4680 15E, 4680 21E and 4680 25E provided rectangular 0.5 × 1.9 m rainfall fans perpendicular to the pipe and three intensities (42, 63 and 77 mm h −1 , respectively), at a water pressure of 1.0 bar. The characteristic drop-size diameter ranged from 0.5 to 1 mm; the mean kinetic energy was 1 J m −2 mm −1 ; both were measured with a laser distrometer. A plastic awning covered the simulator to prevent drops from being blown away by the wind. These intensities, which were high, but within the natural range (Lázaro et al. 2001) , were determined by technical reasons, as a compromise between drop size, intensity and water distribution among the available fan-type nozzles on the market.
The experimental design included three factors: biocrust type (Crust, C or L), rainfall type (Rain, small, medium or large; these did not represent rain intensity per se because a minimal event duration was necessary to reach a steady runoff and, on the other hand, the water consumption must be minimized by logistical reasons; therefore, all experiments had the same duration and larger intensities had a larger rainfall volume) and plot length (Length, 1, 2, 3 and 4 m). Four replicates were performed for each combination, totalling 96 experiments, which always started with dry soil (the most common condition in the area). Plots were 0.4 m wide, enclosed by a galvanised-iron sheet buried up to 15 cm and arranged in semi-blocks of four, with a plot of each length randomly positioned in every semi-block. These semi-blocks were paired, separated by 50 cm, and together constituted a block (Fig. 1) . Rainfall was sprinkled simultaneously over the eight plots within each block.
Different categories of Crust, Rain and Length were tested on different plots. therefore, we established 48 plots arranged in six 1.75 m × 5.5 m blocks for each crust type, using two blocks for each rain type, placed in such a way that they accounted for the possible range of slope angles of the experimental area. The soil moisture was recorded during each experiment by ECH2O probes (Decagon Devices, USA) previously installed immediately below the biocrust and by HOBO data loggers (Onset, USA), to ensure that no significant difference in antecedent soil moisture existed between experiments. From each experiment, we measured runoff volume and collected (when it was possible) a 2-L runoff sample for laboratory analyses.
Before the experiments, we checked that (i) the duration of the experiments (20 min) was sufficient to reach a stable runoff rate, (ii) the infiltration on the upper semiblock did not increase moisture in the paired downslope semi-block by sub-surface flow, and (iii) a 4-m plot length was long enough to reach the maximum runoff and erosion for these surfaces and rainfall intensities, or values near the maxima, as in preliminary assays the absolute runoff from a 4-m plot was greater than that from a 1-m plot, but was much lower than four times the latter value.
Selected photographs show the experimental setup in Figure 2 .
The plots were located in areas with a representative slope angle, biocrust and plant cover. The slope and the cover of each biocrust type and vascular plants were taken in each plot.
From the runoff samples, in the laboratory we measured the electrical conductivity (EC, mS/cm) and pH (pH, dimensionless), and assessed the alkalinity (Alkali, mequiv/L HCO − 3 ) by titration with sulphuric acid to an end point of pH 4.5. We then extracted the total dry residue from each runoff sample (Eros, g) and analysed these dry residues for organic carbon by oxidation with potassium dichromate in acid, followed by back titration with ferrousammonium sulphate in the presence of a ferroin indicator, and we converted the organic carbon content to organic matter (OM, %) by multiplying by 1.72. From the EC, we derived the solutes in the runoff in g/L by multiplying the mS/cm by the factor 0.64 according to Hanson (2006) and, from the solutes in g/L and the measured runoff volume, we calculated the total solutes per experiment (TDS, g). To compare with Alkali, we also calculated the solutes in runoff in mequiv/L by multiplying the mS/cm by 0.10 (Hanson 2006) . Given the pH values below 8.0 of the runoff water, we assumed that the alkalinity was almost entirely in the form of bicarbonate (HCO − 3 ). Therefore, we transformed the alkalinity into mg/L bicarbonate by multiplying the mequiv./L by 6 L and then converting it to the total number of grammes per experiment by dividing by 1000 and multiplying by the runoff in litres to obtain the amount of total dissolved bicarbonates (TDB, g).
We studied seven dependent variables (Eros, OM, EC, pH, Alkali, TDS and TDB) in relation to three experimental categorical factors (Crust, Rain and Length), and seven continuous independent variables: slope angle (Slope, degrees), lichen crust cover (Lichen cover, %), cyanobacterial crust cover (Cyanobacterial cover, %), total biocrust cover (Biocrust cover, %), vascular plant cover (Plant cover, %), total runoff volume (Runoff Vol, L) and runoff coefficient (Runoff Coef, dimensionless). We used Generalised Linear Modelling to test for differences in each dependent variable according the factors (Crust, Rain and Length), all their interactions and the main covariates (Slope, Biocrust cover, Plant cover and Runoff Vol). The other covariates were not included because they were correlated with the previously included ones. Gamma distribution fitted the best our data, Log was used as link function, and the Akaike Information Criterion (AIC) allowed selecting the best model.
The relationships among each dependent variable and the continuous independent ones not included in the models (i.e.: lichen crust cover, cyanobacterial crust cover and runoff coefficient) were explored by non-parametric correlations (Spearman), except with EC and Alkali, where parametric correlations could be used. The possible differences in slope or cover between crust and rain types or among plot lengths were tested by non-parametric ANOVA (KruskalWallis test). Kruskal-Wallis tests were also used to verify whether there was a significant difference (i) in antecedent soil moisture among treatments, (ii) in runoff amount between biocrust types, and (iii) in environmental features among sampling blocks. Spearman correlations were also used to test the relationships among the dependent variables.
The statistical analyses were performed using Statistica 7.1 (Stat.Soft. Inc., Tulsa, USA).
Results
All the experiments started on dry soil, with no significantly different antecedent soil moisture among plots (global mean soil moisture = 2.06 %), as shown by the Kruskal-Wallis test (H = 29.69; p > 0.1).
There were differences in slope among blocks belonging to different Crusts (p < 0.001) and also among blocks into every Crust (used for different rain types) (p < 0.01); but not according to Length. There were no differences in plant cover with regard to Crust, Rain or Length. Obviously, both lichen cover and cyanobacterial cover were significantly different according to Crust (p < 0.001 in both cases). However, they were not different according to Length. The biocrust cover resulted in slight differences with Crust (mean 80.6% in area L; 73.9% in area C) and was negatively correlated with plant cover (p < 0.001).
Despite the careful selection of the sites for the plots, the slope angle was significantly different among the blocks of plots (Kruskal-Wallis test p < 0.001). L and C biocrust types have different habitats (the habitat of C being wider, including most of the L habitat; in this last lichen crust progressively replaces cyanobacterial crust over time; but in the most sunshine part of C habitat this hardly occurs or it takes long time; Lazaro et al. 2008 ) and the blocks of plots were installed to ensure that each biocrust type was well represented. The consequence was that the results concerning the relationship of the different variables with Slope must be taken with great caution, as we cannot effectively distinguish the effects of slope angle from those of Rain or Crust.
Runoff volume resulted considerably larger (H = 14.63, p = 0.0001) on cyanobacterial crust (mean = 8.45 L, Std. Error = 0.97) than on lichen crust (mean = 4.18 L, Std. Error = 0.49).
None of the relationships among the dependent variables was significant, except that between the organic matter in sediments and the amount of sediment (r = 0.6688; p < 0.0001). However, more than one half of the variance of OM was due to factors other from sediment amount. Figure 3a shows the real values of Eros (the particle erosion measured as the dry matter contained in the runoff collected in every experiment) for every treatment. Eros differed according to the interaction between Crust and Rain: (Wald stat. 14.93; p < 0.001; Table 1 ). The erosive effects of the different rain types were not the same in every biocrust. Fig. 3a shows that, on lichen biocrust, Eros reached smaller values and often with smaller dispersion; dispersion increased with rain, though erosion values continued being small. However, at cyanobacterial biocrust, Eros was larger and both erosion values and value dispersions progressively increased with increasing rainfall and plot lengths.
The dry matter in runoff
The variation of Eros with regard to the plot length only was visible at cyanobacterial biocrust (Fig 3a) , and almost exclusively for the largest rains, though the interaction between Crust and Length was not significant, nor that between Crust, Rain and Length (Table 1) .
Eros significantly depended on runoff volume and on total biocrust cover (Table 1, Fig, 4 a and b , respectively) and was also significantly correlated with other two independent continuous variables: Lichen crust cover and runoff coefficient (Table 2) . However, Eros resulted not significantly associated to the slope angle, the vascular plant cover nor the cyanobacterial crust cover. Runoff was the main driver controlling the particle erosion. The lichen crust was the main defence of the soil against this erosion. Although runoff is expected to increase in amount and speed with slope angle, Eros resulted independent from Slope maybe due to the strong positive correlation between lichen cover and Slope (r = 0.6760, p < 0.0001). The cyanobacterial cover, with a lower protection capacity, decreased with increasing slope (r = -0.6724, p < 0.0001), whereas the biocrust cover did not vary.
The organic matter contained in sediments Figure 3b shows the real values reached in every treatment by OM (the total organic matter contained in the dry matter mobilised by runoff). The pattern of variation of OM was not very different from that of Fig. 3 . Mean value of dry matter in runoff for every treatment (Eros; graph a) and of organic matter within the dry matter in runoff for every treatment (OM, graph b). The labels of the treatment are composed as follow: The two first characters identify the biocrust type (Lc, lichen crust; Cc, cyanobacterial crust); the following two characters identify the rainfall type (Sr, small rain; Mr, medium rain; Lr, large rain) and, the two last characters identify the plot length. These pairs of characters are separated by points. Fig. 4 . Relationship between Eros and OM with the runoff volume (graph a), and relationship between Eros and the total biocrust cover (OM was not related to any kind of cover).
Eros, but the difference in OM according to the interaction Crust*Rain was only marginally significant (Wald stat. 5.5130; p = 0.0635; Table 1 ). In a similar way to than for Eros, the OM also increased with rainfall and with plot length, and the differences were larger in cyanobacterial crust (compare the graphs a) and b) of Fig. 3 ). But the differences of OM according to plot length or to the interaction Crust*Length Fig. 5 . Mean values of electrical conductivity (EC, graph 'a'), pH (pH, graph 'b') and alkalinity (Alkali, graph 'c') in runoff water for every treatment. The labels of the treatment are composed as follow: The two first characters identify the biocrust type (Lc, lichen crust; Cc, cyanobacterial crust); the following two characters identify the rainfall type (Sr, small rain; Mr, medium rain; Lr, large rain) and, the two last characters identify the plot length. These pairs of characters are separated by points.
were not significant. The maximum of OM reached in C for case of the highest rainfalls together with the longest plots was 1.075 g, and it did not coincide with the maximum sediment yield, although it corresponded to one of the larger values (18.24 g). No other interaction among factors was significant for OM.
No covariates had significant effect on OM except runoff volume (Table 1) and runoff coefficient (Table 2). Runoff is also the main driver that controls OM (Fig. 4a) , which was independent from the slope angle and from every class of soil cover.
Electrical conductivity, pH and alkalinity in runoff
The runoff water obtained from the experiments was saline, slightly basic and moderately hard, with bicarbonate constituting only a minor part of the total dissolved salts. The values of EC, pH and Alkali for every treatment are shown in Fig. 5, graphs a, b and c, respectively.
When EC was directly measured in runoff, it showed significant relationship with the three experimental factors, Crust, Rain and Length (Table 1) but not with any interaction (though the effect of Rain*Length was marginally significant). EC decreased with increasing Rain, increased with increasing Length, was higher under L than under C crust, and resulted dependent on Slope.
With regard to the factors, pH showed association only with Rain, increasing with it (the effect of Crust*Rain was marginally significant); however, it showed significant higher values with increasing cover of biocrusts and vascular plants (Table 1) .
Alkali was not affected by the factors and their interactions (Table 1) nor by the covariates included in the model (including the total biocrust cover) but was found to be positively correlated with cyanobacterial cover and negatively correlated with lichen cover (Table 2; due to the experimental design, the lichen cover was inversely related to the cyanobacterial cover). None of the Spearman correlations resulted significant with EC or pH ( Table 2) .
Solutes yield from runoff (TDS,TDB)
The real values of total solutes (TDS) and dissolved bicarbonates (TDB) mobilised by runoff are shown in Figs 6a and 6b, respectively. The results of the GLZ for TDS and TDB were quite similar and are shown in Table 1 . Both dependent variables resulted controlled by the interaction Crust*Rain and, above all, by the runoff volume (Fig. 7a) . TDB was associated also to the factor Rain itself.
Both TDS and TDB tended to be larger at cyanobacterial crust, with larger rainfalls and with larger plot lengths. The differences in TDS and TDB according Rain or Length were larger in cyanobacterial crust, although only the differences according Crust*Rain were significant, whereas the differences according Length or any of its interactions were not significant for any of these variables. The differences according the factor Rain were significant only for TDB (the larger the rain, the larger the amount of dissolved bicarbonates).
The independence of TDS and TDB from Slope (only for TDS the effect of Slope resulted marginally significant) is counter-intuitive, taking into account the probable increase in runoff with slope. This relationship was due to the increase in the lichen cover with slope within these experiments, since the correlations between solutes (both TDS and TDB) and lichen cover were negative and highly significant (Table 2 , Fig. 7b ), whereas the correlations with the cyanobacterial cover were positive and significant (Table 2 , Fig. 7c ). This provides evidence that the lichen crust not only protects against the erosion of inorganic or organic matter, but also against soil solutes mobilisation by runoff. Both TDS and TDB showed also a strong positive correlation with the runoff coefficient ( Table 2 ).
Discussion
The results support the hypothesis that the increase in length of the drainage area very often has no effect on the sediment yield. An important difference in erosion among plot lengths was only observed, both for Eros and OM at C under the largest rainfall (Fig. 3) although the effect of Length still was not significant due to the considerable variance. This is possibly because the runoff on C was significantly longer, particularly with larger rainfall. The dense net of microdepressions developed by the biocrust, particularly at L, probably acts as a sediment trap by slowing the runoff flow, and multiple small sediment deposits can occur along the runoff paths, giving rise to non-significant differences in sediment yield at the plot outlet according to Length. Rodriguez-Caballero et al. (2012) found that although crust roughness slightly reduces the amount of material exported by runoff, more research is needed to distinguish between the direct and indirect effects of biocrustdriven microtopography on the erosive response to rainfall. According Lazaro et al. (2008) , the lichen crust is late-successional with regard to the cyanobacterial crust. As expected, Eros decreased with the successional development of the biocrust, as it had a negative correlation with the lichen crust cover.
The inorganic and organic dry matter in runoff
The most erosive conditions of the experiments combined the largest rainfall (both in intensity and water volume) with the longest plots. Large rainfall has more kinetic energy and besides, for a given runoff coefficient, it produces a larger runoff volume and larger runoff connectivity, which facilitates sediment transport. This occurs particularly in sites where the mechanism of runoff generation is infiltration excess, as in the studied area (Solé-Benet et al. 1997; Calvo-Cases et al. 2003) . Besides, as biocrusts are runoff sources (Rodriguez-Caballero 2013), longer slopes are expected to allow larger runoff connectivity, also facilitating sediment transport. The results showed that biocrusts, particularly the lichen crust, could protect soil from erosion, even under the combination of these two circumstances that produced the most erosive conditions. Many studies agree that biocrusts reduce the sed- Fig. 6 . Mean value of total solutes (TDS, graph 'a') and dissolved carbonates (TDB, graph 'b') in runoff water for every treatment. The labels of the treatment are composed as follow: The two first characters identify the biocrust type (Lc, lichen crust; Cc, cyanobacterial crust); the following two characters identify the rainfall type (Sr, small rain; Mr, medium rain; Lr, large rain) and, the two last characters identify the plot length. These pairs of characters are separated by points.
iment yield, regardless of the biocrust or soil type (Booth 1941; Mücher et al. 1988; Alexander & Calvo 1990; Eldridge & Kinnell 1997; Zhang 2005; Lazaro et al. 2008; Chamizo et al. 2012; Rodriguez-Caballero et al. 2013 ). This is due mainly to three mechanisms: i. The biocrust intercept the raindrops, absorbing their kinetic energy and reducing splash erosion. Data on splash erosion from our study area are shown by Li et al. (2005) . Zhao et al. (2014) reported experimental laboratory tests showing the resistance of biocrusts to raindrops.
ii. The biocrust decreases the runoff amount and speed, by increasing the surface roughness and soil porosity and decreasing surface sealing. The larger the successional development of the biocrust, the larger the surface roughness (Chamizo et al. 2010 ) and the infiltration . As the length and tortuosity of the runoff paths increase with roughness, the water remains for a longer time over the soil, facilitating infiltration (Belnap et al. 2006) , and the velocity of runoff water decreases reducing its erosive force (Kidron et al. 1999) . Moreover, infiltration also increases with the successional development of the biocrust due to the increase in porosity (Miralles et al. 2011; Gao et al. 2012) and to the decrease in soil-surface sealing as the biocrust develops (Assouline 2004; Chen et al. 2013 ); although Kidron et al (1999) found that the formation of algae biocrusts favours pore clogging on sandy soils because of the water absorption and swelling of the exopolysaccharides.
iii. The soil aggregate stability increases with the Fig. 7 . Relationships between total solutes in runoff per experiment (TDS) and total dissolved carbonates/bicarbonates in runoff (TDB) with: runoff volume (graph a), lichen crust cover (graph b) and cyanobacterial crust cover (graph c).
development of the biocrust, as the amount of extracellular polymer secretions and of cyanobacterial filaments and lichen and moss anchoring structures increases (Zhang 2005; Malam Issa et al. 2001; Warren 2003) . Zhang (2005) found that the development of a cyanobacterial biocrust from an incipient one to another more developed one increased the pressure that biocrust can resist from 13.42 Pa to 32.53 Pa. Zhao et al. (2014) reported that while cyanobacterial crust resisted a kinetic energy ca.15-fold higher than that of bare soil, a late-successional moss-dominated biocrust reached values up 342-fold higher than that of bare soil. The lichen crust in this study is late-successional with regard to the cyanobacterial crust (Lazaro et al. 2008) and the results showed that the erosion in the lichen crust was effectively lower, although the difference only was significant for part of the rainfalls. Early studies on water erosion in badland areas in southeastern Spain (Calvo-Cases et al. 1991) found that the most important factors controlling erosional response related to cover and, that "the most effective cover appears to be a lichen cover". The data here for dry matter in runoff, expressed in g/L, showed an isolated absolute maximum of 3.8, but the mean was 0.62, which is quite low compared with other results in Mediterranean region from sites without biocrusts: 1.40-9.26 g L −1 for a simulated rainfall of 41 mm (Boix Fayos et al. 1995) ; 11.30 g L −1 after 25 mm simulated rainfall (Imeson et al. 1998) ; and 1.2-6.1 g L −1 after 30 mm simulated rainfall (Lasanta et al. 2000) . Following monitoring over three-years under natural rainfall, Cantón et al. (2001) found an erosion rate of 21.4 g m −2 of surfaces covered by a lichen crust, whereas bare soil with a physical crust showed a rate of 308.1 g m −2 . Our data had a mean of 16.79 g m −2 for high rainfall and 1 m-long plots at C, and 3.37 g m −2 for the same combination at L. Rodriguez-Caballero et al. (2013) , found sediment yields of 15.2 g m −2 in C and 11.5 g m −2 in L in our study area, using 1-m long plots under high natural rains (78 mm), but 31.2 and 17.5, respectively, in plots where biocrust was developing, because it was removed five years before the measurements. Chamizo et al. (2012) simulated 55-mm-rainfalls on plots 0.56 m diameter, and found sediment yields of 26.0 and 10.7 g m −2 in C and L, respectively and, 128.8 and 744.6 g m −2 , respectively, following removal of the biocrust. Therefore, the data of sediment yield here are similar to those found by other authors and much lower than those in soils without a biocrust. When the biocrust is removed, erosion is greater where there was a lichen late-successional crust than where there was a cyanobacterial crust , as soil has a higher porosity and lower bulk density below lichen crusts (Miralles et al. 2011; Gao el al. 2012 ). According to Zhao & Xu (2013) , biocrusts in their early successional stage (cyanobacteria) reduced sediments by 92%, and no sediments were collected in late-successional biocrusts (mosses) under the same simulated rainfall, whereas vascular plants only reduced sediment yield by 45%.
The correlation between erosion in g/m 2 versus the biocrust cover was significant and can be fitted to an exponentially decreasing curve (r = -0.4223; p < 0.0001), as proposed by Eldridge and Greene (1994) , although in our case, the exponential fit is not better than a simple linear fit. However, the results here are consistent with the quoted model: our biocrust covers are high (ranging between 50 to 100%; mean 77%) and correspond to the three last points in the graph of those authors, where erosion decreased linearly.
The capacity of the biocrusts to protect the soil from erosion will be important whether the biocrust itself is resistant enough. The fact that biocrusts are widespread in drylands (Büdel 2003) , and can locally cover large extensions in stable enough areas (Lazaro et al. 2000) , provides evidence that the biocrust can extend despite splash erosion. However, the resistance of the biocrust to the impact of raindrops and runoff flow is expected to be highly species-specific and there is not much information concerning this; particularly on possible detachment due to the runoff flow. Kuske et al. (2012) found that despite the dramatic negative impacts of trampling on the cyanobacterial biocrust, Microcoleus vaginatus could still be detected after 10 years of annual trampling. Zhao et al. (2014, see above) reported that the resistance of the cyanobacterial and moss crusts to raindrops. Qin & Zhao (2011) found, by simulating single-drop rain, that the cyanobacterial biocrusts and the moss biocrusts can resist 0.99 J and 75.56 J of cumulative rain-drop kinetic energy, respectively, and those biocrusts with a larger biomass had a considerably higher resistance. (When the chlorophyll content of cyanobacterial biocrusts increased from 3.32 to 3.73 µg g −1 , the resistance of the biocrusts increased from 0.99 to 2.17 J; and when the moss biomass increased from 2.03 to 4.73 g dm −2 , the resistance increased from 6.08 to 75.56 J). Sempere (1994) found that the kinetic energy of natural rainfall ranged between 15 and 25 J m −2 for an intensity of about 50 mm h −1 . Taking all this into account, a rainfall with an extraordinary volume and intensity would be required to dismantle a biocrust. According to Gao et al. (2012) , the cohesion of biocrusts was six-or sevenfold higher than that of subsurface soil (0-2 cm), and the impact of biocrusts on soil physical properties was closely related to the biocrust biomass. However, although some studies exist on the resistance of vegetation to runoff (for example, Xiao et al. 2013) , none exists on the biocrust resistance to runoff. In our experiments, the highest rainfall, together with the longest plot possibly reached a possible threshold of erodibility at C, where the sediment yield reached the value of 38.99 g in one case; approximately double that of other larger values; and the behaviour of OM was similar (Fig. 3) .
In our opinion, the amount of OM can be considered as a rough estimate of the degree of detachment of the biocrust due to both raindrops and runoff flow, since the soils of the area are very poor in humus (according to Cantón et al. 2003 , the organic matter content in soils of the study area ranged from 0.15% to 1.4% near the parent material, and from 0.4% to 2.4% in some surface horizons), and litter from vascular plants is scarce and randomly distributed in the experimental site. The measured absolute maximum OM was only 11.8% in the biocrust with larger biomass (L) and under the most erosive conditions; however, the mean OM was only 4%. This suggests that the OM coming from biocrust detachment can be ca. 2.6% of the total sediments (4% -ca. 1.4% of soil organic matter; without subtraction of the litter) and is evidence that erosion is strongly skewed towards the detachment of mineral matter due to the resistance of the biocrust. Although OM showed a strong correlation with Eros, it did not depend on any cover (lichen crust, cyanobacterial crust, total biocrust or plant cover), it only depended on the runoff volume. This suggests that the detachment is controlled by the water amount and by the mobilisation of mineral particles and is not limited by the biocrust cover when this cover is larger than 50% (the minimum value in our experiments). The differences in OM were also larger in C, for larger rains (marginally significant) and for larger plot lengths (no significant). This treatment (77 mm/h for 20 min, 25.6 mm, and drainage areas of 3-4-m long), the most favourable for runoff, might be near or beyond an emergent threshold of erodibility of the C biocrust.
Solutes in runoff
In addition to the solid mineral and organic matter removed by rain-splash and runoff, runoff mobilised a significant amount of soil solutes. The concentration of solutes in runoff water (as seen by the EC values) apparently increased with longer contact between the runoff water and substrate, which was allowed by small Rainfall, which produces lower runoff and increased by the larger roughness of lichen crust (Chamizo et al. 2010) . The solute concentrations in our experiments were independent of the runoff volume, suggesting that the dissolving water was not the factor limiting their concentrations. This indicates that solutes mainly derived from the dissolution of minerals present in large amounts in the soil and parent material and that the main limiting factor was the solubility of these minerals. Since bicarbonate was found in small rates, dissolved solutes were plausibly dominated by sulphate: According Cantón et al. (2003) , calcite (source of bicarbonate) and gypsum (source of sulphate) each constitute ca. 20% of the parent material of these marine marls; other salts such as chloride are rare in the soils of the study area. Although biocrusts can modify the ion composition of their close soil environment, e.g., via the secretion of acidifying or alkalinising compounds and the concentration of cations and anions in the top-soil (Pointing & Belnap 2012) , this limited bio-weathering is insufficient to explain the high salt concentrations that were observed.
In turn, the pH of runoff water increased with the coverage of biocrusts and of vascular plants and with increasing Rain. Water pH is reported to rise as result of increased infiltration depth and, thus, of a longer time of contact of water flow with calcareous substrate leading to high saturation of carbonates in water (Chandler & Bisogni 1999) . In agreement with this, our results for pH suggest an increased carbonate saturation resulting from a larger and deeper water infiltration with higher rainfall amounts and under biocrust and vascular plant cover. These results were not shared with Alkali, which represents the amount of carbonates dissolved by runoff water, but discordance can be expected between the behavior of bicarbonate and pH values when different degrees of carbonate saturation occur in water as result of variable water deepening and contact time with the calcareous material (Chandler & Bisogni 1999) . The negative correlation of Alkali with the lichen cover could be explained because the lichen thalli protect minerals from weathering or from liberation of weathering products. Moreover, this finding can also be explained by lower content of carbonates under lichen crust, which can result from increasing infiltration under this surface, as highlighted by Cantón et al. (2003) in our area for sites with the largest infiltration, mainly covered by vascular plants. Ladyman et al. (1993) found that a greater infiltration under biocrusts could transfer more calcium carbonate to depth horizons in calcareous desert soils; but to date no evidence is available that it might also affect carbonate mobilisation by runoff.
These effects on the solute concentration in runoff become irrelevant when we consider the total yield of solutes, which was mainly determined by the runoff volume. Although EC remains independent of the runoff volume, TDS and TDB showed strong a positive correlation with runoff, and is therefore influenced by those factors that affect runoff, as the crust type, with TDS and TDB being larger at C. Both increased as the cyanobacterial cover increased and the lichen cover decreased. The comparison of the figures 3 and 6 shows that both the erosion of solid particles (organic and inorganic) as well as the solute mobilisation (carbonates and total) have similar roughly behaviour. Both TDS and TDB seem to be affected by the possible threshold of erodibility reached at the cyanobacterial crust under the extreme runoff conditions (the largest rainfall together with the longest plots). This is consistent with our results with Eros and OM and with studies on chemical erosion in arid basins, where solute mobilisation is reported to be controlled in the first instance by the runoff, except for carbonates when their abundance is limited (Abbas & Subramanian 1984; France-Lanord et al. 2003) .
Conclusions
Biocrusts strongly protected soil against water erosion in our experiment, even under the heaviest rainfall combined with the longest plots. The successional development of biocrust enhanced soil protection, the protection provided by the lichen crust was greater than that provided by the cyanobacterial crust, particularly under extreme conditions. These biocrusts were very resistant to the impact of raindrops and also to detachment by runoff flow. The plot length often had no effect on erosion, due to the decrease in erosion as a result of the protective role of biocrusts, the limited runoff lengths and the increase of surface roughness, which facilitated sediment deposition. However, a new hypothesis emerged: under the most erosive conditions of our experiment, a threshold of erodibility was reached at the cyanobacterial crust, which affects similarly both the erosion of solid particles (both organic and inorganic) as well as the mobilisation of solutes. The lichen crust not only protected the soil from solid erosion, but also against the removal of soluble soil substances. The increase in biocrust cover can drive chemical changes in the solutes mobilised by runoff by modifying the pH. In our experiment, solute mobilisation (mainly sulphates and carbonates) was mainly affected by conditions allowing a closer contact between runoff water and substrate. The solute yields were proportional to runoff volume, due to the occurrence of large sources of salts with low solubility (gypsum, limestone) in soils and parent material. The type of biocrust affected the solute mobilisation in two alternative ways: the solute control by solubility together with the greater runoff volume generated by the cyanobacterial biocrust produced higher yields of carbonates and total solutes in runoff. On the other hand, the greater infiltration produced by lichen crusts possibly decreased the carbonate contents in soils and, therefore, their yield in runoff.
